A novel luminescence technique named photothermal luminescence has been developed. For the photothermal luminescence spectroscopy, the emission signal is caused by electronic transitions via the absorption of photons, followed by thermal excitation via electron-phonon interactions, and is monitored as a function of the excitation photon energy, in which the excitation photon energy is less than that of the emission signal. This new technique has been applied to the study of electronic transitions in GaAs/AIXGal -As quantum wells. In addition to the observation of the n= 1 electron-heavy-hole 1s and 2,s exciton recombinations, a previously unreported fine structure in the n=l electron-heavy-hole 1s exciton spectrum has also been observed. By measuring the temperature dependence of the spectra on different quantum wells, we suggest that the fine structure is due to the formation of the standing waves of acoustic vibrations in GaAs/Al,Ga, -As quantum wells. We emphasize that due to the underlying mechanism of the technique, the photothermal luminescence provides a powerful tool to investigate the processes of electron-phonon interactions.
I. INTRODUCTION
Luminescence techniques belong to the most sensitive, nondestructive methods of analyzing semiconductor properties. The two predominant techniques used are photoluminescence (PL) and photoluminescence excitation (PLE) spectroscopy. For PL spectroscopy, it measures light emission vs wavelength observed under fixed optical excitation. In contrast, for PLE spectroscopy, the emission at a fixed wavelength is monitored as a function of the excitation wavelength, in which the wavelength of the excitation is shorter than that of the emission. In this paper, we present a novel luminescence technique named photothermal luminescence, which can be used to complement the information obtained from PL and PLE. Using our new technique, we have observed the recombination of the ground state and the first excited state of n= 1 electronheavy-hole excitons in GaAs/Al,Gai-.& quantum wells. In addition, previously unreported features on the yt = 1 electron-heavy-hole ground exciton recombination have also been observed. From the measurement of the temperature dependence of the spectra on different samples, we attribute the fine structure to the formation of the standing waves of acoustic vibrations in GaAs/Al,Ga,-.+ quantum wells.
By photothermal luminescence (PTL), one measures an emission signal caused by electronic transitions via the absorption of photons, followed by thermal excitation via electron-phonon interactions. A. characteristic feature of the phonon-assisted emission is its temperature dependence. After optical excitation at finite temperature, freeexciton emission signals associated with different states involve emission from a thermal distribution of the exciton states. ~The electron-hole recombination time ( -1 ns) is longer than the carrier thermalization time due to LO phonons and to acoustic phonons ( -1 and -100 ps, respectivelyi), and thus, the initial state of the exciton is given by an equilibrium thermal distribution. The recombination occurs via all processes in which an exciton emits or-absorbs a phonon and is excited into any of the available intermediate states and then recombines, emitting a photon. The processes involved in emission are closely related to those in the phonon-assisted absorption edge. An analogous technique is called photothermal ionization spectroscopy (PTIS), in which the photoconduction signal of a material is caused by electronic transitions from the ground states of impurities to excited states via the absorption of photons, followed by thermal ionization from the excited states to the conduction band or valance band via an electron-phonon interaction. The PTIS technique has been shown that it is extremely useful for observing spectral lines related to high excited states which are difficult to observe using conventional absorption spectroscopy.' However, the PTL spectroscopy has not been developed so far. Similar to the PLE spectroscopy, the PTL spectroscopy monitors the emission at a fixed wavelength as a function of the excitation wavelength. It thus retains the advantage of the high resolution of the spectral method as in PLE and PTIS techniques. However, in contrast to the PLE spectroscopy, the wavelength of the excitation in PTL is longer than that of the emission; therefore, the information obtained from both techniques is in a complementary way. Especially, the PTL is a powerful tool to investigate the processes of electron-phonon interactions due to the underlying mechanism of the technique. 
II. EXPERIMENTAL DETAIL
In order to compare the results obtained by the technique developed here with that of the conventional methods, we have also measured the PL and PLE spectroscopy in the present study. For the PL measurement, the samples were placed in a Janis variable-temperature continuousflow cryostat. Either an argon ion laser or a HeNe laser was used as the excitation source. The luminescence signal from the front face was collected and analyzed by a doublegrating Spex 1403 spectrometer and detected by a photomultiplier tube connected to a lock-in amplifier. For the PLE measurement, a tunable titanium:sapphire laser pumped by an argon ion laser provides continuous varying excitation energy while the spectrometer was setting at a fixed wavelength. For the PTL measurements, the experimental arrangement is the same as that of the PLE spectroscopy, except the wavelength setting of the spectrometer is shorter than that of the excitation wavelengths.
Ill. RESULTS AND DISCUSSION
At low temperature, the PL spectra of GaAs quantum well structures are dominated by the n = 1 electron-heavyhole 1s exciton recombination. In Fig. 1 we show the PL spectrum at 9.5 K excited by a HeNe laser for a GaAs/ Al,Gai+As single quantum well with x=0.3 and well width 70 A grown by molecular beam epitaxy. The excellent quality of the studied sample is evident from the measurement of the FWHM 3 meV. This value is comparable with that of the highest quality of the samples available today. At higher temperatures, we are able to observe the emission due to the excited 2s state of n= 1 heavy-hole excitons and the ground light-hole excitons from the PL spectra (not shown here). Figure 2 shows the PLE spectrum of the same sample PIG. 2. Photoluminescence excitation spectrum from a GaAs/ Al,Ga,+As single quantum well with well width 70 8, detected at 1.5964 eV as a function of excitation pump energy at 9.5 K. E&Lr). E,, and EIL(2r) are the n= 1 electron-heavy-hole Zs, electron-light-hole Is, and electron-light-hole 2s exciton peaks, respectively. at 9.5 K excited by a tunable titanium:sapphire laser, in which the spectrometer position is hxed at the peak of the emission of the ground heavy-hole exciton. The spectrum is in excellent agreement with several previous reports3" The peaks in the spectrum have been identXed as the emission of the excited 2s state of the n = 1 heavy-hole excitons, 1s and 2,s states of the n= 1 light-hole excitons. Because 2.s exciton feature can only be observed in the PLE spectrum of high quality structures,3 the spectrum, therefore, not only indicates that our sample has the same quality, but also demonstrates the applicability of our experimental setup.
Let us now turn to the measurement of PTL spectroscopy. Figure 3 shows the PLT spectrum of the above sam- FIG. 3. Photothermal luminescence spectrum measured at 120 K from a GaAs/A!,Ga, -As single quantum well with well width 70 A detected at E,, (the n= 1 electron-light-hole 1s exciton) as a function of excitation energy with the excitation energy less than E,,. ElH(2s) is the n= 1 electron-heavy-hole 2s exciton peak. Arrows show the fine structure of the n= I electron-heavy-hole IS exciton spectrum. Photothermal luminescence spectrum measured at 60 K from a GaAs/Al,Ga,-AAs single quantum well with well width 100 d; detected at El L (the n = 1 electron-light-hole IS exciton) as a function of excitation energy with the excitation energy less than E,,. EIH(2s) is the n= 1 electron-heavy-hole 2s exciton peak. Arrows show the fine structure of the n= 1 electron-heavy-hole 1s exciton spectrum.
ples at 120 K excited by a tunable titanium:sapphire laser, in which the spectrometer is setting at the peak of the emission of the ground light-hole exciton and the photon energy of the titanium:sapphire laser is scanned below this peak position. In addition to the observation of the 1s and 2r states of the n = 1 heavy-hole exciton recombinations as in PL and PLE spectra, a previously unreported fine structure on the spectrum has been revealed as indicated by arrows. This fine structure has been repeated for several times at different temperatures and different excitation spots, it thus can not be due to the fluctuation of the signal. The fine structure has not been reported in the PLE spectra previously, it may be due to the fact that the wavelength of the spectrometer is fixed at that of the peak of emission of the ground heavy-hole exciton in the PLE spectroscopy. It thus makes the observation of the fine structure of the ground heavy-hole exciton difficult because of the signal contamination due to the reflection of the pumping source.
Similar PL, PLE, and PTL spectra are also performed for a GaAs/Al,Gat-As single quantum well with well width 100 A. The FWHM of the ground heavy-hole exciton in the PL spectra is 2 meV, which confirms-the studied sample having an excellent quality. Here, we only present the spectrum for the PTL measurement as shown in Fig. 4 . Again the 1s and 2s states of n= 1 electron-heavy-hole excitons have been observed and the fine structure of the ground heavy-hole exciton spectrum is well resolved in the spectrum.
Let us now consider the possible origin of the tine structure on the n = 1 heavy-hole 1s exciton recombination observed in PTL. Previously, the structure, due to the changes in width with discrete monolayer steps at each interface (one mono-layer=a/2=0.283 nm, where a is the GaAs lattice constant), has been observed in the PL spectra.7 However, the energy separations of the peaks observed in the fine structure of PTL spectra are much smaller than that calculated from this model. In addition, the fine structure is not seen in PL and PLE spectra. Thus the possibility of discrete monolayer steps at interfaces can be ruled out in the interpretation of our observation. Recently, by using the resonant excitation measurement, Reynolds et al. ' have observed a multiplet structure in their PL spectra. The multiplet components are separated by changes in about 0.5 meV, which is comparable with that of the separation in our fine structure. They attributed the multiplet to the effective submonolayer fluctuations in quantum well width due to interface roughness. If the fine structure in our PTL spectra is also due to the submonolayer fluctuations, we will expect that the structure should depend on the position of the excitation spot on the sample since the interface roughness should not have any translational symmetry. However, when we change the position of the excitation spot, the line shape of the spectrum and the separation of the multiplet components remain the same. Thus, the submonolayer fluctuations due to interface roughness can not be the origin of the fine structure observed in the PTL spectra. Furthermore, we believe that interface roughness should lead to a smooth broadening of the transition energy, instead of the steplike structure actually observed.
In order to clarify the origin of the fine structure, we have measured the temperature dependence of the PTL spectra for the samples under investigation as shown in Fig. 5 . From Fig. 5 , we can see clearly that the fine structure becomes more pronounced when the temperature is increased. Thus, this is a strong indication that the origin of the fine structure involves electron-phonon interactions. The remaining question now is that what kind processes of electron-phonon interactions can give the observed tine structures. From our measurement, any correct mechanisms should be able to explain the following facts. First, the process should involve the ground heavy-hole exciton state as an intermediate state since the highest peak position and the line width of the PTL spectra are the same as that of the ground heavy-hole exciton recombination in the conventional PL spectra. Second, the multiplet components in the fine structure are equally spaced in energy. Third, the energy separation of the multiplet components is inversely proportional to the ratio of the quantum well width.
The magnitude of the energy separation in the multiplet components of the fine structure provides the reminiscence of the confined optical phonons in quantum wells since their energy difference also has the same order of the magnitude.g However, the process due to the absorption of one photon followed by the absorption of one optical phonon is unlikely the mechanism responsible for the fine structure. Since the energy separation ( ~20 meV) between the spectr,ometer setting and the main peak in the PTL measurement, which is equal to the energy separation between the ground heavy-hole and light-hole excitons, for the samples studied here is much smaller than the energy of the confined optical phonons ( -30 meV), thus after absorbing the photon with energy around that of the ground heavy-hole exciton. the electron can absorb many different kind of confined optical phonons and make the transition to the light-hole states. It is therefore that this process can not give the steplike structure as observed. Instead, we propose that after absorbing the photon, the electron emits or absorbs an acoustic phonon and is excited into the ground heavy-hole state followed by making the transition to the light-hole state by absorbing an optical phonon and then relaxes to the ground light-hole state and recombines, emitting a photon. In this process, the steplike structure is due to the discrete values of eigenmode fre- queneies of the standing waves of acoustic vibrations as a result of space confinement. According to our knowledge, most of the previous investigation of phonons in quantum wells only concentrated on the study of the zone folding of acoustic phonon, and the conllned optical phonon, but not the formation of the standing waves of acoustic phonon as propo$ed here. The most important reason for lacking the investigation of the standing waves of acoustic phonon is because of the overlapping of the eigenmodes of the acoustic phonons in the barrier and well regions which leads to the propagation of the acoustic phonons through the whole sample without confinement. However, based on wave mechanisms, it is reasonable to believe that even acoustic phonons can propagate through the interface formed by different materials, part of the wave associated with acoustic phonons can also be reflected at the interfaces. If the width of the quantum well satisfies the resonant conditions, the standing waves of the acoustic phonons can now be formed inside the well region. Because the excited electronhole pairs by photons also locate inside the well region, it thus enhances the interaction between the electrons and the standing waves of acoustic phonons, and makes the effect observable. Indeed, the acoustic vibration localized in thin semiconductor fdms have been theoretically studied recently," and it has also been observed in the experiment Raman spectra of Ge films on GaAs substrate." The discrete frequencies of the eigenmodes of the standing waves of acoustic phonons are found to be given by
where n is an integer, V is the longitudinal acoustic velocity, L is the width of the quantum well. According to the process proposed here, the peak position and the line width of the PTL spectra should reflect the characteristics of the ground heavy-hole state as in the conventional PL spectra since the process involves the ground heavy-hole state as an intermediate state. The multiplet components of the fine structure due to the standing waves of acoustic phonons are equally spaced in energy and their separation is inversely proportional to the ratio of the quantum welI width as given in ECq.
( 1) . Furthermore, if we substitute the longitudinal acoustic velocity in GaAs V=4.7 X 10' cm/s12 into Eq. ( 1 ), the obtained values of the energy separation of the multiplet components are 0.97 and 1.38 meV for quantum well widths with 100 and 70 A, respectively, which are in good agreement with the experimental values of 0.96 and 1.34 meV. We therefore consider that the proposed process involving the formation of the standing waves of acoustic phonons in the well region can serve as a good interpretation of our observations.
IV. CONCLUSION
In summary, we have presented a novel luminescence technique here, named photothermal luminescence. It was applied to the study of the electronic transitions in GaAs/ A&Gal-& single-quantum-well structures. In addition to the observation of the emissions due to the ground state and the first excited state of the n= 1 electron-heavy-hole excitons, a previously unreported fine structure on the n = 1 electron-heavy-hole ground exciton spectrum has also been observed. Prom the measurements of temperature dependence of the spectra on samples with different well widths, we attributed the fine structure to the interaction between electron and the eigenmodes of the standing waves of acoustic phonon in the well region. We also find that the energy separation of the multiplet components in the fine structure is consistent with the calculated value. This serves as the first observation of the formation of standing waves of acoustic vibrations in quantum well structures. It is worth to note that the spectra obtained from the technique developed here can be used to complement the information not available from the conventional PLE spectroscopy, because the wavelengths in our techniques are scanned above that of the spectrometer setting, while in PLE technique the situation is in an opposite way. Especially, our technique provides a powerful tool to the study of the processes involving phonon assisted transitions.
